The effect of historical land-use change on winter precipitation in Hokkaido, Japan is evaluated by sensitivity experiments using a regional climate model and past and current land-use maps. The regional climate model successfully simulates winter precipitation characteristics, such as heavy precipitation in central mountain areas and around the Japan Sea coast, and a gradual decrease in precipitation from west to east. A comparison of model simulations using 1850 and 1985 land-use maps shows that precipitation has decreased approximately 1.7 mm mon ) from lower net radiation associated with increased snow cover and higher surface albedo. Meanwhile, precipitation has increased in mountainous areas and on leeward slopes as a result of intensified upward air motion, which is attributed to a decrease in surface roughness caused by deforestation and the strengthening of horizontal wind speeds.
Introduction
Land-use change, such as deforestation, modifies energy and momentum exchanges on the surface (Pielke et al. 2001 (Pielke et al. , 2007 . Deforestation causes modification of the surface albedo, particularly over snow-covered surfaces, which alters net radiation at the ground surface (Hahmann and Dickinson 1997; Bonan 2008 ). In addition, as active evapotranspiration from forests affects the partitioning of energy into latent and sensible heat fluxes, deforestation has a marked influence on the surface energy balance (Shukla and Mintz 1982; Lean and Rowntree 1997; Bonan 2008) . Furthermore, deforestation decreases surface roughness, strengthens horizontal wind speed, and changes moisture convergence (Kanae et al. 2001; Pitman et al. 2004) . As a result of these changes, large-scale deforestation contributes to a regional-scale precipitation modification.
Winter precipitation is a key part of life in Hokkaido from November to April. Over the winter months, westerly and northwesterly monsoon winds deliver large volumes of snowfall to coastal areas around the Japan Sea, and they produce orographic precipitation in central mountain areas (Okawa 1992 ). This regional-scale winter precipitation in Hokkaido may have been affected by deforestation for agriculture and urbanization, which has been widespread in Hokkaido since the end of the nineteenth century (Nishikawa et al. 2006) . However, it is difficult to monitor because precipitation data has only been collected at several sites over the past 100 years. Regional climate models may therefore be useful for evaluating the spatial distribution of precipitation under different land-use scenarios.
Numerical experiments with a detailed representation of topography are required to investigate the impact of deforestation on coastal and mountainous precipitation in this region. Hence, in this study, the impacts of land-use change on winter precipitation in Hokkaido are examined using sensitivity experiments in a regional climate model with 10-km horizontal grid-spacing. Changes in the energy budget and surface roughness caused by the deforestation are discussed using simulated physical variables.
Model and numerical setup
The effect of land-use modification on winter precipitation is investigated using the Weather Research and Forecasting (WRF) model version 3.2.1 (Skamarock et al. 2008) . The horizontal mesh size is 50 km for the outer domain (not shown) and 10 km for the inner domain (Fig. 1) , and it is determined to perform long-term simulation with high resolution as possible. Horizontal resolution of 10 km adopted in this study is higher than that in earlier regional climate studies with 20 km mesh run (Ishizaki et al. 2012; Sato and Sugimoto 2013) , which successfully simulated Japanese winter precipitation. To obtain statistically significant relationship between precipitation and deforestation, the numerical experiment was conducted for 27 years by means of time slice integration; from 15 October through 1 November of the following year during 1982−2009. The spin-up period lasted 17 days and the analysis period was between 1 November and 31 October of the following year. Physical schemes adopted in this study follow Sugimoto et al. (2015) , including the Grell three dimensional ensemble cumulus scheme (Grell and Devenyi 2002) , the WRF single-moment 6-class microphysics scheme (Hong et al. 2004; Hong and Lim 2006) , a shortwave radiation scheme (Dudhia 1989 ), a longwave radiation scheme (Mlawer et al. 1997) , the Mellor-Yamada Nakanishi-Niino 2.5-level turbulent kinetic energy scheme for the planetary boundary layer Niino 2004, 2006) , and the Noah land surface model (Chen and Dudhia 2001 ) with a single-layer urban canopy model (Kusaka et al. 2001; Kusaka and Kimura 2004; Chen et al. 2011) .
Forcing datasets for atmospheric variables and sea surface temperature (SST) were provided by JRA-25/JCDAS (Onogi et al. 2007) and OISST (Reynolds et al. 2007) , respectively, and applied to initial and boundary conditions. Two kinds of simulation were conducted to reflect historical deforestation for agricultural use and urbanization. The historical (PAST) run used a land-use map from 1850 (Fig. 2a) precipitation is derived from microphysics scheme, in addition to possible observational errors due to few rain gauges in mountain areas and low collection efficiency of snow particles.
Simulated influence of deforestation on precipitation
This section compares DJF mean precipitation between the CRT and PAST runs to examine the effect of deforestation on precipitation. Precipitation differences between the CRT and PAST runs (ΔP) indicated a significant decrease (at the 99% confidence level using Student's t-test) in precipitation over deforested areas and an increase over mountainous areas (Fig. 4a) . The ΔP also exhibited a spatial extent larger than 10 km grid-spacing, indicating that the response of precipitation to the given land use change scenario might be large enough to be able to discuss with 10 km grid-spacing. Mean ΔP over areas with a precipitation decrease was −1.7 mm mon −1
, which corresponds to a change in evapotranspiration of −2.4 mm mon −1 averaged over the same areas (Fig.  4b) . Although precipitable water also decreased whole over the Hokkaido, especially in the southeastern area, the magnitude of the change is small relative to both ΔP and changes in evapotranspiration (Fig. 4c) .
On the other hand, evapotranspiration changes were unclear over mountainous areas that experienced an increase in precipitation (Figs. 4a, b) , implying that they were not main factor to intensify precipitation in these regions. In Hokkaido, orographic precipitation tends to occur in the central mountains under prevailing westerly winds caused by the winter monsoon (Okawa 1992) . Therefore, a change in vertical wind speeds was examined around the central mountains to assess whether it has led to a precipitation increase. Figure 5a shows the vertical velocity change at 43.9°N where westerly winds are dominant. In the CRT run, consecutive upward and downward motions, or a mountain wave-like structure (shaded in Fig. 5a ), appear in the central mountain region (142.5°N), from windward slopes to the leeward side, and around a small mountain (145°N). Although the 10 km grid-spacing is not sufficiently high to capture the mountain wave propagation corresponding to real topography, land use change may affect simulated mountain wave structure in the model since surface friction is a key to modify a mountain wave activity (Georgelin et al. 1994; Peng and Thompson 2003) . The upward branch of the mountain wave-like structure was intensified in the CRT run (contour in Fig. 5a ), corresponding to stronger windward horizontal wind speeds (black line in Fig. 5b ) due to a reduction in snow-free surface roughness length (Z 0 ) caused by deforestation, from 0.5 to 0.05, which was modified by snow cover in the land surface scheme. Note that a change in horizontal wind speed was also found in areas that had experienced a change in forest type from Evergreen needleleaf (Z 0 = 0.5) to mixed forest (Z 0 = 0.2) at 143°N, which contributed to the suppression of downward motion in the lower atmosphere between 143°N and 143.5°N. As a result of the change in vertical motion, orographic precipitation increased around the mountains and on lee slopes (red line in Fig.  5b ). Similar relationships between vertical motion and mountain map from 1985 (Fig. 2b) . These land cover datasets with 10 km grid-spacing were obtained from paper-printed maps by Nishikawa et al. (2006) .
Seasonal mean and climatological-mean diurnal variations of precipitation and other physical valuables are calculated from the hourly WRF output during winter month (i.e., December, January, and February; DJF) from 1982/1983 to 2008/2009. Observationbased gridded precipitation (Asian Precipitation -Highly-Resolved Observational Data Integration Towards Evaluation of water resources; APHRODITE, Kamiguchi et al. 2010; Yatagai et al. 2012 ) was used to evaluate the WRF model performance.
Precipitation change caused by deforestation

Performance of the WRF
Simulated winter precipitation patterns in the CRT run were compared with APHRODITE to evaluate the performance of the WRF (Figs. 3a, b) . Results show that the WRF model successfully computes the climatological mean precipitation across Hokkaido during winter. For both observations and simulations, high precipitation occurred around the Japan Sea coast and in the central mountains (Figs. 1 and 3a, b) . Simulated precipitation gradually decreases toward southeast Hokkaido, which consists with observational data. A scatter diagram comparing observed and simulated precipitation (correlation coefficient = 0.81) also indicates the similarity between observed and modeled precipitation amounts and spatial distribution (Fig. 3c) . The simulated precipitation was between 100 and 150% larger than APHRODITE's over almost areas lower than 500 m above sea level (Fig. 3d) . Ishizaki et al. (2012) indicated underestimation in winter precipitation at the Japan Sea coast of Hokkaido in other regional climate models and its overestimation larger than 150% in the WRF with 20 km grid-spacing, which were not found in the CRT run. Meanwhile, the WRF model tends to overestimate precipitation over the western windward slopes of the mountains. This precipitation bias is likely due to a microphysical process because more than 90% of (Sugimoto et al. 2015) . Numbers on the axes indicate simulation grid numbers. "Forests" includes evergreen needleleaf, deciduous broadleaf, and mixed forests. The 500 and 1000 m contours are shown on both of plots. precipitation were also found in other cross-sections (not shown).
Sensitivity experiments using different land-use maps suggest that the spatial distribution of winter precipitation is strongly controlled by evapotranspiration change and deforestation-induced surface wind change. The diurnal cycle of the surface energy budget is discussed in the next section to help understand the key processes contributing to the evapotranspiration decrease.
Evapotranspiration change associated with deforestation
Changes in the surface energy budget
The radiation and heat budgets in the CRT run and the differences between the two experiments are shown in Fig. 6 . Sugimoto et al. (2015) reported that modification to the Bowen ratio affects the evapotranspiration decrease over urban grid-points; consequently, the energy budget was averaged over current agricultural land (light green, yellow, blue, and black grid-points in Fig. 1b) , which accounts for a large portion of the land-use modification area.
In the CRT run, downward/upward longwave radiation was 225−235 W m −2 /270−300 W m −2 over agricultural land (Fig. 6a) . Downward shortwave radiation reached a maximum of approximately 360 W m −2
, and 55% of that was reflected from the surface.
As a result, net radiation was positive during the daytime (from 0900 to 1400 local time) with a maximum of 90 W m −2 at noon, but dropped to approximately −40 W m −2 overnight. In the heat budget (Fig. 6b) , the latent heat flux was greater than the sensible heat flux throughout the day, with a daytime latent heat flux maximum of 50 W m −2 compared with 25 W m −2 for the sensible heat flux. The negative ground heat flux during daytime indicated heat storage in deep soil layer, while its positive values during nighttime was caused by heat transfer from deep soil layer toward the land surface due to radiative cooling.
The difference in net radiation between the CRT and PAST runs was negative during the daytime, between −5 and −25 W m −2 , as a result of the increase in upward shortwave radiation in the CRT run (Fig. 6c) . Since the change in downward shortwave radiation was less than 5 W m −2 , the surface albedo increase from the deforestation (Fig. 7a ) must be the cause of the net radiation decrease. This net radiation decrease induces negative anomalies in total heat fluxes during the daytime in the CRT run (Fig. 6d) , eventually leading to a latent heat flux decrease.
Effect of the snow cover fraction on the energy budget
Energy budget analysis indicated that a change in surface albedo controlled the evapotranspiration decrease in the CRT run. In this subsection, the effect of the snow cover fraction on controlling the surface albedo during winter is discussed. In the Noah land surface scheme (Chen and Dudhia 2001; Ek et al. 2003) adopted in the WRF model, the land surface albedo defined for each land use type is modified by taking into account the snow effect, which is proportional to the snow cover fraction. Indeed, the significant increase in snow cover fraction over deforested areas, especially along the Okhotsk Sea and at the Pacific Ocean coasts (Fig. 7b) , reflects the area of significant albedo increase (Fig.  7a) . The snow cover fraction is calculated using the following equation:
otherwise, Snow cover fraction = 1.0 for SE ≥ THSD, where A = 2.6 is the shape parameter of the distribution function of snow cover, SE is the snow water equivalent (m), and THSD, which depends on the vegetation type, is the threshold value that represents the physical snow depth when a grid is fully covered with snow (m). For example, THSD = 0.04 for cropland and THSD = 0.08 for forest, indicating that forested areas need to receive more snow than the cropland to bring the snow cover fraction to 1.0. Equation (1) shows that the snow cover fraction is controlled by SE and THSD if there is sub-grid snow-free area. The change in snow water equivalent was very small between the CRT and PAST runs, being less than 20 kg m −2 , i.e., 0.02 m over Hokkaido Island, except for urban areas (Fig. 7c) . Furthermore, the spatial distribution of the change in snow water equivalent is not consistent with the change in surface albedo (Fig. 7a) . This is because the vegetation-dependent parameter, THSD, strongly controls the snow cover fraction in Equation (1). This inference is confirmed by the larger impact of deforestation-induced THSD change over areas with shallow snow depth; i.e., on the Pacific Ocean and Okhotsk Sea coasts (Fig. 7d) .
In this study, two sensitivity experiments indicate statistically significant relationships between winter precipitation change and land-use modification. The simulation also suggests that the precipitation response during winter to a changing energy budget is likely to be affected by THSD values. In particular, in the areas and seasons with shallow snow depth, a more accurate THSD estimation might be required to describe the energy budget in a regional climate model.
Conclusion
Sensitivity experiments were conducted to investigate the impact of land-use change on winter precipitation in Hokkaido using a regional climate model and past and current land-use maps. The experiment using current land-use map successfully simulated the distribution of winter precipitation, including heavy precipitation in central mountain regions and around the Japan Sea coast and a gradually decrease toward the Pacific coast.
Precipitation differences between two experiments suggest a decrease in winter precipitation over deforested areas and an increase in mountainous areas. Over deforested areas, the decrease in precipitation is related to a reduction in evapotranspiration which is affected by net radiation decrease due to snow cover and surface albedo changes. Meanwhile, precipitation increases in mountain areas are caused by the intensification of orographic precipitation from the modification of mountain wave-like structure in association with changes in surface roughness and horizontal wind speeds on windward mountain slopes. the cooperative research project of the JRA-25 long-term reanalysis by the Japan Meteorological Agency and the Central Research Institute of Electric Power Industry (CRIEPI). The National Climatic Data Center (NCDC) provided OISST V2 SST data.
